INTRODUCTION
The differentiation of synaptic terminals encompasses a profound re-organization of the axonal cytoskeleton and presynaptic membrane organelles. Hallmarks of this morphogenetic process are the assembly of active zones, accumulation of synaptic vesicles in the terminal, and the docking of a pool of vesicles at the release sites. At mature synapses, a complex cytoplasmic network consisting of scaffolding and cytomatrix proteins orchestrates morphological and functional properties of release sites (Zhai and Bellen, 2004; Ziv and Garner, 2004; Arikkath and Reichardt, 2008; Shen and Scheiffele, 2010; Gundelfinger and Fejtova, 2012; Sü dhof, 2012) . The large ELKS, piccolo, and bassoon proteins represent major structural building blocks of the cytomatrix. Moreover, munc18, munc13, RIM, and CAPS proteins are essential for the maintenance of a docked pool of synaptic vesicles (Weimer et al., 2003; Jockusch et al., 2007; Verhage and Sørensen, 2008; Siksou et al., 2009; Han et al., 2011) . Several trans-synaptic signaling systems have been implicated in instructing the presynaptic differentiation process, but the cytoplasmic mechanisms that relay such signals are only beginning to emerge (Biederer and Stagi, 2008; Johnson et al., 2009) . In mammals, a Fer/Beta-catenin/ beta-PIX signaling cascade modulates the overall abundance of synaptic vesicles in presynaptic terminals through organization of the actin cytoskeleton (Sun and Bamji, 2011) . However, molecular mechanisms that link cell surface receptors to cytoplasmic regulators of active zone morphogenesis, synaptic vesicle accumulation, and docking remain to be identified.
Many key regulators of synaptic vesicle recruitment have been discovered in powerful forward genetic screens in invertebrates (Jin and Garner, 2008; Johnson et al., 2009; Mi skiewicz et al., 2011; Sigrist and Schmitz, 2011; Stavoe and Coló n-Ramos, 2012) . Among these is synapse-defective-1, a cytosolic protein implicated in presynaptic differentiation. In C. elegans syd-1 mutants, active zone components and synaptic vesicles are dispersed along neuronal processes (Hallam et al., 2002) . Genetic experiments demonstrate that SYD-1 acts downstream of surface receptors SYG-1 and PTP-3 (a receptor tyrosine phosphatase) and upstream of the active zone proteins SYD-2, ELKS-1 and MIG-10/lamellopodin (Ackley et al., 2005; Dai et al., 2006; Patel et al., 2006; Biederer and Stagi, 2008; Stavoe and Coló n-Ramos, 2012) . SYD-1 functions might be mediated through a Rho-GAP-like domain of the protein and a PDZ domain that links SYD-1 to the surface receptor neurexin (Hallam et al., 2002; Owald et al., 2012) . Notably, mammalian genomes do not appear to encode proteins that precisely match the domain organization of invertebrate syd-1 and to date no mammalian orthologs of SYD-1 have been characterized.
Here, we identify a mouse SYD-1 ortholog (mSYD1A) that regulates presynaptic differentiation. Surprisingly, mSYD1A function depends on an intrinsically disordered domain. This domain represents a unique multifunctional interaction module that associates with several presynaptic proteins, including nsec1/munc18-1, a key regulator of synaptic transmission. Synapses in mSYD1A knock-out hippocampus exhibit a severe reduction in morphologically docked vesicles and reduced synaptic transmission. These findings uncover mSYD1A as a regulator of synaptic vesicle docking in the presynaptic terminal.
RESULTS

mSYD1A Is Expressed during the Time of Synapse Formation and Associates with Synaptic Membranes
Based on sequence similarity, we considered syde1/ NP_082151.1 (in the following referred to as msyd1a) and syde2/NP_001159536 (msyd1b) as the most plausible candidate orthologs (see Figure S1A available online). The mSYD1 proteins share C2 and Rho-GAP domains but lack the N-terminal PDZ-domain sequences observed in the invertebrate proteins ( Figure 1A ). HA-epitope tagged mSYD1A and mSYD1B proteins have an apparent molecular weight of 100 and 150 kDa, respectively ( Figure 1B , ''cDNA''). An affinity-purified antibody raised against the N-terminus of mSYD1A recognized overexpressed mSYD1A but not mSYD1B. Expression of endogenous mSYD1A was observed in lysates of purified cerebellar granule cells (GC), mouse brain extracts and HEK293 cells (Figures 1B and 1C; see Figure S1C for expression during development) and specificity of antibody detection was confirmed by RNA interference knockdown ( Figure 1C) .
A remarkable feature of mammalian SYD1 proteins is the presence of extensive stretches of N-terminal sequences that are predicted to be intrinsically disordered (Figures 1D and S1B) . Intrinsic disorder has been hypothesized to endow proteins with an ability to adapt to multiple specific binding partners and to contribute to the assembly of macromolecular arrays (Dyson and Wright, 2005; Tompa, 2012) . We performed heat-denaturation experiments to test experimentally whether the N-terminal domain of mSYD1A is indeed intrinsically disordered. Globular proteins denature and precipitate after prolonged heat exposure whereas intrinsically disordered domains exhibit heat stability (Hä ckel et al., 2000; Galea et al., 2006) . Full-length mSYD1A and the GAP domain were rendered insoluble after heating cell extracts to 90 C for 30 min or 1 hr. By contrast, the mSYD1A N-terminal domain was resistant to thermal denaturation ( Figure 1E ). Thus, mSYD1A contains an intrinsically disordered domain (IDD) at the N terminus.
To address whether mSYD1A is found at synapses, we isolated synaptosomal membranes from adult mouse brain (Figure 1F) . mSYD1A was recovered in brain cytosol (S2) but also in the crude purified synaptosomal fractions (P2). After lysis of the synaptosomes, similar amounts of mSYD1A were associated with the Triton X-100 soluble and insoluble fractions. Finally, we examined the localization of epitope-tagged mSYD1A that (A) Predicted domain structure of C. elegans SYD-1, Drosophila DSYD-1, mouse mSYD1A, and mouse mSYD1B. See Figures S1A and S1B for further information on mSYD1A sequence analysis. (B) Western blot with anti-mSYD1A antibodies on HA-tagged mSYD1A and mSYD1B overexpressed in HEK293T cells (HA-1A, HA-1B), untransfected HEK293T cells, cerebellar granule neurons (GC), and P5 mouse brain lysate (brain). The star marks unspecific bands. Note that higher amounts of cell lysates were loaded for detection of endogenous proteins to enable direct size comparison with the protein expressed from cDNA. (C) The 100 kDa mSYD1A-immuno-reactive band is lost after treatment of cultured HEK293T cells and cortical neurons with syd1a specific siRNAs (si1A) but not non-targeting control siRNAs (siCNT). See Figure S1C for developmental expression profile of mSYD1A protein.
(D) The N-terminal region of mSYD1A is predicted to be intrinsically disordered (http://prdos.hgc.jp/cgi-bin/top.cgi). Residues with score above a 0.5 are predicted to be disordered. (E) The intrinsically disordered N-terminal domain of mSYD1A (IDD) is heat stable. Cytoplasmic extracts from HEK293T cells expressing mSYD1A, IDD, or GAP domain, were incubated at indicated times and temperatures. Upon incubation soluble (S) and insoluble (P) proteins were separated by centrifugation. Tubulin and cyclin A were used as endogenous globular control proteins. (F) Synaptosome fractionation of adult mouse brain. Ten micrograms of proteins were loaded for each fraction. H: homogenate; Syn.: synaptosomes; TX-sol.: Triton X-100 soluble synaptic proteins; TX-insol.: Triton X-100 insoluble synaptic protein complexes. (G) In the axon of cultured cerebellar granule cells overexpressed mSYD1A with a C-terminal myc-epitope shows a punctate distribution partially overlapping with vGluT1/PSD95 puncta (scale bar = 10 mm).
was overexpressed in cultured cerebellar granule neurons. Within axons, immune reactivity was observed in a punctate pattern with a significant fraction of mSYD1A accumulations also containing synaptic markers vGluT1 and PSD95 ( Figure 1G ). In combination, these findings demonstrate that mSYD1A is expressed in the developing brain with pools of the protein associated with synaptic structures.
mSYD1A Is Required for Presynaptic Assembly
We probed a requirement for mSYD1A in presynaptic differentiation using RNA interference. Small double-stranded RNAs were applied conjugated to a cell membrane penetrating tag, which allows for efficient mSYD1A knockdown in the majority of cells ( Figure S2A ). To measure the density of synaptic terminals in axons we marked synaptic vesicles in a subset of cells by transfection of a synaptophysin-mCherry fusion protein ( Figure 2A ; note that synaptophysin-mCherry expression did not significantly alter distribution of endogenous vGluT1 [ Figure S2H ]). Postsynaptic elements were visualized by immunostaining for PSD95. Morphometric analysis of synaptic markers was performed by a wavelet-based segmentation method with a multidimensional image analysis (MIA) module (Racine et al., 2007; Izeddin et al., 2012 ) that enables reliable quantitative assessment of synaptic markers. In mSYD1A knockdown neurons, the mean density of synaptophysin-mCherry-positive puncta was reduced by 39% ± 8% whereas the density of PSD95-containing structures was not significantly altered ( Figures 2B-2D) . Furthermore, the intensities of synaptophysin-mCherry-positive puncta were reduced in mSYD1A knockdown neurons, with puncta of higher intensities being less frequent (p < 0.002; Figure 2E ). Reduction in the accumulation of synaptic vesicles was also observed using the marker vGluT1 in absence of any exogenous vesicle protein expression ( Figure S2G ). The active zone protein munc13-1 was not noticeably altered, whereas the density of detectable bassoon-positive clusters was slightly reduced in mSYD1A knockdown neurons ( Figure 2F ). Notably, the density of structures double positive for either presynaptic active zone marker (munc13-1, bassoon) and postsynaptic scaffolding proteins (homer, PSD95) was unaltered, indicating that mSYD1A loss in cultured neurons does not change synapse density but only presynaptic composition ( Figure 2F ). We tested whether function of mSYD1A is specifically required in the presynaptic cell by introducing a human, siRNA-resistant form of SYD1A (hSYD1A) into the synaptophysin-mCherrypositive cells. Importantly, this was sufficient to rescue the presynaptic terminal density back to wild-type level ( Figures  2C and 2D ).
Recording of miniature excitatory postsynaptic currents (mEPSCs) in mSYD1A knockdown cultures further supported a presynaptic phenotype. The mEPSC frequency in knockdown neurons was reduced by 43% ± 7% as compared to controls ( Figure 2G ). This reduction was rescued by re-introduction of hSYD1A using lentiviral infection (see Figure S2 for re-expression level and further controls for the RNA interference experiments). In combination with the morphological effects on synaptic vesicle distribution these results demonstrate that mSYD1A controls presynaptic differentiation in cultured neurons and is required in the presynaptic cell.
mSYD1A Exhibits GAP Activity toward RhoA Some functions of invertebrate SYD-1 proteins are thought to rely on a catalytically inactive Rho-GAP-like domain whereas others have been pinpointed to the PDZ-domain of the protein (Hallam et al., 2002; Owald et al., 2012) . Mammalian SYD1 proteins differ significantly from their invertebrate counterparts in that they lack PDZ-domains and contain Rho-GAP domains that may be active based on amino acid sequence analysis ( Figure S3A ). We directly probed GAP activity of mSYD1A in intact cells using a FRET-based assay (Itoh et al., 2002; Pertz et al., 2006;  Figure 3A ). Using a RhoA sensor, we observed significant RhoA inactivation in cells expressing mSYD1A. The degree of RhoA inactivation was similar to that observed for p50rhoGAP, a well-characterized GAP ( Figures 3B and 3C ). Importantly, mutation of the arginine finger (Graham et al., 1999) in mSYD1A (R436A) strongly reduced mSYD1A activity observed in this assay and no change in FRET was observed when Lin-2/CASK, a protein lacking GAP domains, was introduced ( Figures 3B and 3C) . Similarly, the amino acid alterations from the Rho-GAP consensus seen in the C. elegans and Drosophila SYD-1 proteins strongly reduce activity toward RhoA ( Figure S3B ). Finally, we used morphological changes of neuronal dendrites as a read-out for RhoA regulation in cerebellar granule cells. Overexpression of C-terminally Myctagged mSYD1A but not the R436A or DYRL mutants led to a significant increase in dendritic trees compared to GFP-transfected neurons ( Figure S3D ). These morphological readouts 
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Mammalian Synapse-Defective-1 Proteins are consistent with an inactivation of endogenous RhoAdependent contractility by mSYD1A. Therefore, mSYD1A is a functional Rho-GAP whereas amino acid substitutions present in the invertebrate SYD-1 proteins render the GAP domain inactive.
Interestingly, the mammalian SYD1A GAP activity is regulated through intra-molecular interactions. Deletion of the intrinsically disordered domain (IDD) and C2 domain resulted in a doubling of mSYD1A GAP activity (Figures 3D-3F) . A similar increase was observed when full-length mSYD1A was targeted to the plasma membrane with an N-terminal lipid modification (myrmSYD1A) suggesting that full-length mSYD1A is in an autoinhibitory conformation and can be activated by the displacement of N-terminal sequences ( Figure 3E ). When we coexpressed IDD and GAP domains as independent polypeptides (Figure 3G ), the IDD alone as well as the IDD-C2 domain supplied in cis where able to repress activity of the isolated mSYD1A GAP domain. Finally, we tested whether the inhibition of mSYD1A GAP activity is mediated through protein-protein interactions between the IDD and GAP domains in coimmunoprecipitation experiments ( Figure 3H ). Myc-tagged GAP domain was co-immunoprecipitated with the HA-tagged IDD-C2 domain. Thus, the mSYD1A GAP activity is regulated through protein-protein interactions with the intrinsically disordered N-terminal domain. This suggests that full-length mSYD1A adopts a closed, autoinhibited conformation. Displacement of the IDD, either by truncation or membrane targeting, provides a mechanism for local activation of mSYD1A GAP activity.
Synaptogenic Function of mSYD1A Relies on the Intrinsically Disordered Domain
We tested the functional relevance of the mSYD1A subdomains in synapse formation using gain-of-function experiments. Overexpression of full-length mSYD1A in cultured granule cells resulted in a 64% ± 10% elevation in the density of synaptic vesicle clusters and a 38% ± 11% increase in synapse density, defined as puncta containing the markers synaptophysin and PSD95. Thus, presynaptic overexpression of mSYD1A is sufficient to stimulate pre-and postsynaptic differentiation. Surprisingly, a mSYD1A mutant lacking the arginine finger (DYRL) lost the ability to recruit the postsynaptic marker PSD95 but retained the ability to elevate presynaptic terminal number ( Figure 4B ). Moreover, a membrane-targeted form of the IDD (that lacks the entire C2 and GAP domain sequences of mSYD1A) was sufficient to increase presynaptic terminal density and partially colocalized with the synaptic vesicle marker vGluT1 in axons ( Figures 4A and 4B) . Importantly, this function of the IDD was also observed when the protein was expressed in neurons lacking full-length mSYD1A expression ruling out an indirect effect through modification of the endogenous protein ( Figure S4A ). Thus, the IDD is sufficient to drive recruitment of synaptic vesicles independently of the mSYD1A GAP activity.
Given the critical importance of the IDD for mSYD1A function we performed a yeast two-hybrid screen with this domain as a bait to identify binding partners. We isolated an N-terminal fragment of nsec1/munc18-1 as a candidate interaction partner ( Figure 4C ). mSYD1A-munc18-1 interactions were confirmed in coimmunoprecipitation experiments were munc18-1 was recovered in immunoprecipitates with fulllength mSYD1A ( Figure 4D ). In pull-down experiments with recombinant munc18-1 coupled to beads, constructs containing the IDD and the IDD-C2 domain of mSYD1A bound to munc18-1, but not the GAP domain ( Figure 4E ). Thus, mSYD1A binds to munc18-1, a key component of the vesicle docking and fusion machinery. Genetic experiments in C. elegans identified SYD-2/liprin as acting in the same pathway as SYD-1 (Hallam et al., 2002) . However, no physical interactions between SYD-1/SYD-2 proteins have been reported. We tested whether mammalian liprin-a might represent an additional mSYD1A interaction partner. In pull-down assays with purified recombinant fragments of liprin-a proteins, we identified the SAM-domains located in the C-terminal half of liprin-a2 as interaction site ( Figures 4F and 4H ) whereas no binding was observed to the coiled-coil domains of liprin-a ( Figure 4G , functionality of the recombinant proteins confirmed by interaction with ELKS2 [Ko et al., 2003]) . Surprisingly, the interaction with mSYD1A was strictly liprin-a isoform specific. The mammalian liprin-a2 protein contains a 37 amino acid insertion located between the first and the second SAM domain that is absent in the primary liprin-a1 isoform and invertebrate liprin/SYD-2 proteins (Zü rner and Schoch, 2009; Wei et al., 2011 ; Figure 4H ). Deletion of these 37 amino acids (SAMDPQ) abolished binding between mSYD1A and liprin-a2 ( Figure 4F ; see Figure S4B for recombinant proteins). Binding efficiency of mSYD1A was comparable to Lin-2/CASK, a previously characterized liprin-a2 interactor, whereas no binding to X11a/ Mint1 was detected. Importantly, we mapped the interaction domain within mSYD1A to the IDD ( Figure S4C ) and confirmed a direct protein-protein interaction between purified recombinant liprin-a2-SAM and purified mSYD1A IDD ( Figure 4I ). Thus, the N-terminal intrinsically disordered domain of mSYD1A is a critical functional module that binds at least three different ligands: the mSYD1A GAP domain, nsec1/munc18-1, and liprin-a2.
LAR/liprin-a2/ mSYD1A Complex
The biochemical interactions between mSYD1A and the active zone protein liprin-a2 raise the question whether mSYD1A and liprin-a2 act in a complex downstream of receptor protein tyrosine phosphatases that recruit liprins and contribute to synapse formation (Kwon et al., 2010; Takahashi et al., 2011; Yoshida et al., 2011) . In COS7 cells, we observed the formation of macroscopic complexes that concentrate LAR, liprina2, and mSYD1A ( Figures 5A and S5A-S5C) . Deletion of the mSYD1A IDD abolished its recruitment to these structures ( Figures 5A and 5B ) (Pearson's coefficient, 0.85 ± 0.05). We further explored the formation of mSYD1A/liprin-a2/LAR complexes in coimmunoprecipitation assays. Antibodies to mSYD1A co-precipitated liprin-a2 and LAR proteins, therefore, linking these proteins in a signaling complex ( Figure 5C ). We then explored whether mSYD1A functionally contributes to presynaptic assembly downstream of LAR. We stimulated presynaptic differentiation in cultured neurons by overexpression of NGL-3, a postsynaptic interaction partner for presynaptic LAR (Woo et al., 2009 ). Overexpression of NGL-3 led to a significant elevation in the density of vGluT1 and bassoon puncta along the dendrites of transfected neurons ( Figures 5D  and 5E ). Knockdown of mSYD1A significantly attenuated this increase (Figures 5D and 5E ; note that surface expression level of NGL-3 was unchanged, Figure S5D ). We observed a similar inhibition of presynaptic differentiation by mSYD1A knock-down on GFP control neurons and neurons overexpressing the synaptogenic adhesion molecule neuroligin-1. Thus, the requirement of mSYD1A in presynaptic differentiation is not unique to the NGL-3/LAR receptor system but most likely common to multiple presynaptic signaling pathways.
Loss of Docked Vesicles and Impaired Synaptic Transmission in mSYD1A KO Hippocampus
To probe the function of mSYD1A in intact neuronal circuits in vivo we generated mSYD1A mutant mice (mSYD1A KO ). Mutant mice were generated by blastocyst injection of targeted ES cells carrying a genetrap insertion between the first and second exon ( Figure 6A ; Skarnes et al., 2011) . In homozygous mutant mice immune-reactivity for the mSYD1A protein was abolished ( Figure 6B ). Homozygous mutant animals are born at Mendelian frequencies, are viable, fertile and show indistinguishable weight gain during the first four weeks of life ( Figures 6C and  6D ). Gross brain anatomy was not noticeably altered (Figure 6E Figure 2A ). Number of physin or PSD95 puncta per 10 mm axon length in cerebellar granule cells overexpressing GFP or mSYD1A constructs (n = 30 cells; *p < 0.05; **p < 0.001; ***p < 0.0001, ANOVA and Tukey's multiple comparison test; mean ± SEM).
(C) A yeast-two-hybrid screen with an mSYD1A truncation construct, containing amino acids 1-411 as bait, led to the identification of nsecI/munc18-1 as a potential mSYD1A binding partner. Clone B27-A65 encoding amino acids 1-213 of nsec-1/munc18-1 was recovered.
(D) Munc18-1, overexpressed in HEK293T cells, coimmunoprecipitates with overexpressed mSYD1A. (E) His-tagged munc18-1, coupled to beads, was incubated with HEK293T cell lysate overexpressing different deletion constructs of mSYD1A. Note that the IDD-C2 domain protein is sensitive to proteolysis resulting in partial removal of the C2 domain (lower band). (F) Beads containing liprin-a2 SAM domains with (a2-SAM) or without the PQ-loop (SAM DPQ) were incubated with HEK293T cell lysates containing overexpressed mSYD1A, CASK or mint1. Recombinant GST was used as negative control (GST). Equivalent fractions of input and bound proteins were analyzed by western blotting. See Figure S4B for the recombinant proteins used in the pull-down assay.
(G) Beads containing recombinant liprin-a1, a2, and a4 coiled-coil domain fragments (liprin-CC) were incubated with HEK293T cell lysates containing overexpressed mSYD1A or ELKS2.
(H) Domain organization of liprin-a2 fragments used in pull-down assays, and protein interaction sites. LH1 and LH2 denote highly conserved liprin homology regions. Liprin-a contains an alternative splice insertion between the first and the second SAM domain (PQ-loop), which is absent from the most abundant liprina1 isoform.
(I) Binding assay with purified recombinant liprin-a2 SAM and increasing amounts of purified recombinant ID-domain of mSYD1A (IDD). See Figure S4C for data on pull-down experiments performed from cell extracts.
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Mammalian Synapse-Defective-1 Proteins and data not shown). Given that hippocampal synapses are particularly accessible for functional analysis, we examined synaptic transmission in CA1 pyramidal cells of acute hippocampal slices. The frequency of mEPSCs was significantly reduced (Figure 6F ). By contrast, mEPSC amplitudes were unchanged. Paired-pulse ratios were indistinguishable between wild-type and mSYD1A KO cells suggesting that the probability of release was unaltered ( Figure 6G ). The reduction in mEPSC frequency could result from either a loss of synapses or a disruption of presynaptic function. We explored the density and ultrastructure of synapses in the mSYD1A knockout by quantitative ultrastructural analyses of synapses in the stratum radiatum of hippocampal area CA1. We observed no significant alterations in the density and size of asymmetric synapses, arguing against a change in glutamatergic synapse number (p = 0.47, 147, and 157 9.3 mm 2 fields, from four wild-type and four knock-out animals, respectively; Figures 7A and 7B) . Therefore, we further explored the distribution of synaptic vesicles in synaptic terminals, in particular, the docking of vesicles at active zones. This analysis revealed a striking reduction in morphologically docked vesicles at mSYD1A KO synapses in CA1 ( Figures 7C and 7D ). Cumulative probability plots of the vesicle distribution close to the active zone (within 50 nm) show a significant shift of this vesicle population away from the active zone (p < 0.001; Figure 7E) . Similarly, an analysis of the vesicle density across bins of increasing distance from the active zone confirms a selective reduction in vesicle density within the first 80 nm of the active zone but no significant change in the more distant populations of vesicles ( Figure 7F ). Therefore, mSYD1A is essential for 
Mammalian Synapse-Defective-1 Proteins maintaining morphologically docked vesicles at the active zone in vivo.
DISCUSSION
In this study, we report a regulator of synaptic differentiation that is essential for synaptic vesicle docking at central synapses.
We initially identified mSYD1A based on sequence similarity with the invertebrate SYD-1 proteins. However, mSYD1A should be considered a distant ortholog for several reasons. First, mammalian and invertebrate SYD1s share significant sequence homology only in their C2 and GAP domains. Second, the PDZ domain, a key element of invertebrate SYD-1 (Owald et al., 2012) , is absent from the vertebrate counterparts. Third, the invertebrate Rho-GAP domains are catalytically inactive whereas mSYD1A does exhibit GAP activity, which contributes (D) Weight gain in mSYD1A KO mice is comparable to WT mice during the first 4 weeks of age.
(E) mSYD1A KO mice do not show any alterations in gross morphology of cerebellum and hippocampus compared to WT mice.
(F) Recordings of mEPSC frequency and amplitude from CA1 neurons in acute hippocampal slices of mSYD1A KO mice and WT littermate control mice at age P13-P15 (n R 18 cells from 4 animals per genotype; *: p < 0.05; two-tailed t test; mean ± SEM).
(G) Measurements of paired-pulse ratio at 25 ms and 50 ms intervals of mSYD1A KO mice and WT littermate controls at age P11-P16 (n R 18 cells per genotype;
two-tailed t test; mean ±SEM).
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Mammalian Synapse-Defective-1 Proteins to trans-synaptic signaling (at least in overexpression experiments; Figure 4 ). Fourth, a unique intrinsically disordered (ID) domain in mSYD1A is a key element for mSYD1A function. Liprin-a2 binding to the ID-domain requires a specific insertion in liprin-a2 (PQ-loop) that is lacking in liprin-a1. Given that liprin-a1 and a2 isoforms are differentially expressed throughout the brain Zü rner et al., 2011) , this might result in synapse-specific liprin-mSYD1A coupling. Notably, this insertion is not present in the invertebrate SYD-2 proteins, highlighting the possibility that this direct biochemical interaction is unique for vertebrates. Thus, in mammalian SYD1 proteins certain divergent mechanisms of function have evolved.
An Intrinsically Disordered Domain as Presynaptic Regulator
Multiple Rho-GTPase regulators (GAPs and GEFs) have been previously recognized as regulators of synapse size and tethering of synaptic vesicles at presynaptic release sites (Frank et al., 2009; Ball et al., 2010; Sun and Bamji, 2011; Cheadle and Biederer, 2012) . Surprisingly, the ability of mSYD1A to stimulate presynaptic differentiation in cultured neurons does not require its GAP activity but relies on its ID domain. Intrinsically disordered proteins are starting to be recognized as critical mediators of multiple biological processes, including assembly of protein-RNA granules, transcriptional activation, and nonsensemediated decay (Tompa, 2012) . ID domains have the ability to undergo transitions from disordered to ordered conformations upon contact with specific binding partners or in response to posttranslational modification. These properties enable ID domains to engage with multiple, structurally diverse effectors. The mSYD1A ID domain provides a remarkable example for this molecular multitasking as it couples to three structurally unrelated binding partners: nsec1/munc18-1, the liprin-a2 SAM-domains, and the mSYD1A GAP domain. Previous studies on presynaptic protein function have largely focused on structured domains and their potential for scaffolding interactions. We surveyed eleven major synaptic proteins and observed that several of them contain extended stretches (>200 amino acids) of continuous intrinsically disordered sequence (caskin1, ELKS1, munc13-1, piccolo, RIM1, but not GRIP1, Lin-2/CASK, munc18-1, PSD95, syntenin-1, X11a/ mint1; data not shown). We propose that intrinsically disordered protein domains might be more broadly used to control presynaptic assembly and function. Their properties are ideally suited as they accommodate a multitude of finely tuned protein-protein interactions and their dynamic regulation by post-translational modifications (Tompa, 2012) .
Essential Function of mSYD1A in Synaptic Vesicle Docking Work on the invertebrate SYD-1 mutants highlighted mislocalization of synaptic vesicles and active zone components (Hallam et al., 2002; Owald et al., 2010) . Our observations are consistent with an analogous function for mSYD1A in vesicle tethering at mammalian synapses in cultured neurons. However, in mSYD1A KO mice in vivo we did not observe a similarly severe dispersion of synaptic vesicles but instead uncovered a selective reduction in the docked vesicle pool. More subtle alterations in the total synaptic vesicle pool may have been undetectable in our analysis but, clearly, the reduction in docked vesicles is more severe than any potential reduction in the total vesicle pool. Thus, the depletion of the docked pool cannot be explained by an overall reduction in synaptic vesicles at these synapses (Marra et al., 2012) . Expression of mSYD1B, the second mammalian SYD1 isoform, may partially compensate for the loss of mSYD1A and may attenuate effects on overall synaptic vesicle accumulation in mSYD1A KO synapses. Regardless, the reduction in vesicle docking in mSYD1A single KO mice is severe and, thus, reveals a key function for a SYD1 protein in vivo. In cultured neurons, the mSYD1A IDD is sufficient to promote synaptic vesicle clustering but it remains to be explored whether the IDD is sufficient to rescue the synaptic vesicle docking phenotype in mSYD1A KO hippocampus. The docked vesicle pool is strongly correlated to the number of highly fusion competent vesicles at synapses (Schikorski and Stevens, 2001; Toonen et al., 2006; Han et al., 2011) . Thus, a reduction in the docked pool is consistent with the significant reduction in spontaneous fusion events observed upon mSYD1A loss-of-function in vitro and in vivo. Notably, we identified nsec1/munc18-1, a key factor implicated in vesicle docking (Weimer et al., 2003; Toonen et al., 2006) , as binding partner of mSYD1A. Thus, mSYD1A provides a link between synaptogenic cell surface receptors such as LAR and the vesicle docking machinery of the presynaptic terminal.
EXPERIMENTAL PROCEDURES
Please see Supplemental Experimental Procedures for further details.
Antibodies
Rabbit polyclonal antibodies against mSYD1A were raised against a synthetic peptide (MAEPLLRKTFSRLRGREK) and affinity purified on the antigen. Anti-pan-neuroligin was described previously (Taniguchi et al., 2007) . Rabbit anti-munc18 was a gift from Matthijs Verhage (de Vries et al., 2000) . Other antibodies were purchased from commercial sources: mouse anti-actin (clone AC-40, Sigma-Aldrich), goat anti-cyclinA (#sc-31086, Santa-Cruz), mouse anti-PSD95 (#73-028, Neuromab), mouse anti-VAMP2 (clone 69.1, Synaptic Systems), anti-vesicular glutamate transporter 1 (vGluT1, #1353303, Synaptic Systems), rabbit anti-GAPDH (#E1C604, Enogene), mouse anti-CASK (#75-000, Neuromab), rabbit anti-munc13-1 (#126103, Synaptic Systems), rabbit anti-munc18-1 (#116002, Synaptic Systems), mouse anti-beta-tubulin (E7, DSHB), rabbit anti-ELKS 1b/2 (#143003, Synaptic Systems), rat anti-HA (clone 3F10, Roche Applied Science), rabbit anti-c-myc (#sc-789, Santa-Cruz), mouse anti-flag (#F1804, Sigma), rabbit anti-homer (#160003, Synaptic Systems), mouse anti-bassoon (#GTX13249, GeneTex), rabbit anti-calbindin (#CB38a, Swant), mouse anti-NeuN (#MAB377, Chemicon). Secondary antibodies conjugated to cyanine dyes or Alexa 488 or 643 (Jackson ImmunoResearch and Invitrogen) were used for visualization in immunostainings.
Disorder Prediction and Thermostability Test
Candidate intrinsically disordered protein domains were predicted using the PrDOS server, an online tool that combines local amino acid information and template protein references (http://prdos.hgc.jp/cgi-bin/top.cgi) (Ishida and Kinoshita, 2008) . The thermostability test for confirmation of intrinsically disordered sequences was performed as described previously (Galea et al., 2006) . Briefly, HEK293T cells on 10 cm diameter dishes were transfected with expression constructs for mSYD1A. After 24 hr, cells were harvested in PBS with a cell scraper and resuspended in 300 ml of Buffer A (10 mM sodium phosphate buffer [pH 7.0], 50 mM NaCl, 50 mM DTT, 0.1 mM sodium orthovanadate, complete protease inhibitor Roche]). Cells were mechanically cracked by passing through a 25G needle and centrifuged at 16,000 3 g for 30 min at 4 C. The supernatant was transferred to a fresh tube and the protein concentration was adjusted to 1 mg/ml with Buffer A. The cell lysate was heated for 30 min or 1 hr at 90 C. The protein mixture was placed on ice for 15 min and centrifuged at 16,000 3 g for 30 min at RT. Soluble proteins in the supernatant were precipitated with 10% trichloracetic acid. The pellets were resuspended in SDS-PAGE buffer and analyzed by western blotting.
Rho-GAP Assays
Fö rster-resonance energy transfer (FRET) assays were performed as described previously (Itoh et al., 2002) . Briefly, HEK293T cells were transfected with the RhoA sensor (Pertz et al., 2006) and expression constructs of interest. After 48 hr cells were suspended in 13 PBS. The emission spectrum between 450-600 nm after excitation with 430 nm light was measured in a Fluorescence Spectrophotometer (FP-6500, Jasco). Following the measurement, cells were lysed for protein expression analysis.
Cellular Assays
For coaggregation experiments, COS7 cells were transiently transfected (Fugene, Roche) and proteins were expressed for 48 hr. Cells were fixed with 4% PFA, 4% sucrose in 100 mM sodium phosphate buffer (pH 7.4) for 15 min at room temperature. Immunostaining was done using standard procedures. Dissociated cultures of mouse cerebellar granule cells were prepared from P5-P7 pups as described previously (Dean et al., 2003) . Knockdown of msyd1a was performed on day 1 (replenished at day 4) with 0.75 mM Accell SMART pool siRNA against msyd-1a or a nontarget control pool (Dharmacon). At day 7, cells were fixed with 4% paraformaldehyde, containing 4% sucrose in 100 mM phosphate buffer (pH 7.4). After antibody staining the coverslips were mounted with ProLong (Invitrogen).
For lentiviral delivery of hSYD1A, a lentiviral vector with a dual human synapsin promoter was used to express GFP and hSYD1A (Gascó n et al., 2008) .
Electrophysiology
All procedures related to animal experimentation were reviewed and approved by the Kantonales Veterinä ramt Basel-Stadt. Whole-cell patch-clamp recordings were performed on DIV 8-11 cerebellar granule cell cultures. For rescue, the lentivirus was added at DIV 3. The extracellular solution (pH 7.3) contained the following: 145 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 5 mM Glucose, 25 mM Sucrose, and 5 mM HEPES. For all experiments, 300 nM TTX, 0.1 mM Picrotoxin, and 0.1 mM AP5 were used in the solution. The internal solution contained the following: 130 mM CsCl, 10 mM HEPES, 10 mM EGTA, 10 mM Phosphocreatine, 2 mM MgATP, 5 mM NaCl (pH 7.25), 298 mOsm.
For acute slice recordings, P11-P16 mice were anesthetized with isoflurane and rapidly decapitated. Three hundred micrometer thick sagittal sections were cut in sucrose substituted artificial cerebrospinal fluid (ACSF) that consisted of 83 mM NaCl, 2.5 mM KCl, 1 mM NaH 2 PO 4 , 26.2 mM NaHCO 3 , 22 mM glucose, 72 mM sucrose, 0.5 mM CaCl 2 , 3.3 mM MgCl 2 . Slices were allowed to recover at 32 C for 1 hr and then maintained at room temperature
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Mammalian Synapse-Defective-1 Proteins in the same sucrose ACSF. For whole-cell recordings, slices were perfused with: 119 mM NaCl, 2.5 mM KCl, 1 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 2 mM CaCl 2 , 1.3 mM MgSO 4 , 11 mM glucose, 0.1 mM Picrotoxin. For all experiments, whole-cell recordings were digitized at 10 kHz and filtered at 2 kHz. Whole-cell patch-clamp recordings of CA1 pyramidal cells were done using 3-6M U pipettes and filled with an internal solution that contained: 130 mM Cs-methanesulfonate, 5 mM NaCl, 10 mM EGTA, 10 mM HEPES, 10 mM phosphocreatine, and 2 mM Mg-ATP (pH 7.3) with CsOH, 290-300 mOsm. The cells were held at a holding potential of À70 mV. For mini recordings, slices were also perfused with 500 nM TTX. The mEPSCs were detected using Axograph X software and the mEPSCs were detected using a template based detection algorithm package. Synaptic responses were evoked every 15 s using a clustered electrode (FHC) and the stimulus electrode was placed in the stratum radiatum near the CA3/CA1. To measure paired pulse ratios (PPR), pairs of 20 Hz and 40 Hz were delivered and averages of at least 6 sweeps were analyzed. PPR was calculated as a ratio of EPSC2/EPSC1.
Electron Microscopy
Animals (postnatal day 21, mSYD1A KO and wild-type littermates) were transcardially perfused with fixative (2% paraformaldehyde, 2% glutaraldehyde in 100 mM phosphate buffer [pH 7.4]) and brains were postfixed for 1 hr. Tissues were sectioned coronally at 60 mm thickness in PBS on a vibratome. Sections from the same front-caudal brain region (Bregma À1.9) were analyzed for each genotype. Sections were washed in 0.1 M cacodylate buffer [pH 7.4], postfixed in 0.1 M reduced osmium (1.5% K 4 Fe(CN) 6 , 1% OsO4 in water) and embedded in Epon resin. The stratum radiatum of area CA1 was identified using the pyramidal cell layer and the alveus as landmarks. Images were acquired on a Transmission Electron Microscope (Fei Morgagni, 268D). Quantification of the number and distribution of vesicles was performed using XtraCount software (developed by C. Olendrowitz, Gö ttingen, Germany). All image acquisition and analysis was done blinded with respect to the genotype of the animals. Independent data sets were collected from 4 KO and 4 wildtype animals. For each animal, at least 35 9.3 mm 2 fields were acquired and at least 83 synapses analyzed. The total number of synapses quantitatively analyzed was 404 for wild-type and 366 for KO material.
Light Microscopy
Images were acquired on a LSM5 confocal microscope (Zeiss) and assembled using Adobe Photoshop and Illustrator software. For the analysis of dendritic arborizations, neurons were traced and analyzed with Neurolucida (MBF Bioscience). The identification of axons versus dendrites is based on the unique characteristics of cerebellar granule cells, which exhibit 3-5 short dendritic processes and a thinner, much more elongated axon. Colocalization analysis of proteins in COS cells was performed by the Pearson's coefficient method computed on fluorograms, using the JaCOP plugin in ImageJ (Bolte and Cordeliè res, 2006) .
Quantification of pre-and postsynaptic proteins in granule cells was performed by a wavelet-based segmentation method, using the Multidimensional Image Analysis module (Racine et al., 2007; Izeddin et al., 2012) , run in Metamorph software (Molecular Devices). Puncta on different channels were segmented and counted by thresholding the third wavelet map with a value ranging from 15 to 35 times the noise standard deviation.
Some images for figures were processed by deconvolution using a theoretical PSF, a signal/noise ratio of 10 for each channel and 30 iterations of the deconvolution algorithm (Huygens remote manager v2.1.2).
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